Genetic and phenotypic mosaics, in which various phenotypes and different genomic regions show discordant patterns of species or population divergence, offer unique opportunities to study the role of ancestral and introgressed genetic variation in phenotypic evolution. Here, we investigated the evolution of discordant phenotypic and genetic divergence in a monophyletic clade of four songbird taxa-pied wheatear SNPs obtained from RAD data mapped to a draft genome assembly resolve the species tree, provide evidence for the parallel evolution of colour phenotypes and establish western and eastern black-eared wheatears as independent taxa that should be recognized as full species. The presence of the entire admixture spectrum in the Iranian hybrid zone and the detection of footprints of introgression from pied into eastern black-eared wheatear beyond the hybrid zone despite strong geographic structure of ancestry proportions furthermore suggest a potential role for introgression in parallel plumage colour evolution. Our results support the importance of standing heterospecific and/or ancestral variation in phenotypic evolution.
| INTRODUC TI ON
Increasing evidence from genomewide studies suggests that ancestral and heterospecific genetic variation plays an important role in the evolution of phenotypic diversity (Abbott et al., 2013; Cui et al., 2013; Racimo, Sankararaman, Nielsen, & HuertaSánchez, 2015; Stryjewski & Sorenson, 2017; The Heliconius Genome Consortium, 2012) . Different phenotypes and different regions within the same genome often show discordant patterns of divergence, suggesting that they followed different evolutionary trajectories, most of which do not follow the species tree. In phylogenomic studies, such variance in evolutionary history is observed as extensive variation in gene tree topologies (Funk & Omland, 2003; Jarvis et al., 2014; Suh, Smeds, & Ellegren, 2015) . Meanwhile, patterns of phenotypic similarities among species that are discordant among different phenotypic traits and/or between phenotypic traits and the species tree highlight parallel evolution sensu lato (Stern, 2013) . Such parallel evolution can occur via three trajectories, all leading to variation in evolutionary histories among genomic regions and the phenotypes they may encode: (a) incomplete lineage sorting (ILS), (b) introgression of genetic material among taxa and (c) parallel evolution via different mutations (parallel evolution sensu stricto; Stern, 2013) . Under parallel evolution sensu stricto, similar phenotypes evolve via independent mutations, and phenotypic resemblances are thus not reflected in similarities at the genomic level. However, under parallel evolution via ILS and introgression, phenotypic resemblance mirrors the sharing of similar if not same variation at the genomic level. Therefore, ILS and introgression may lead to the evolution of complex phenotypic as well as genomic mosaics, within which different regions within the genome and the phenotypes they may underpin can have idiosyncratic evolutionary histories (Stryjewski & Sorenson, 2017; Van Belleghem et al., 2017) .
Incomplete lineage sorting can have striking effects on the phylogenetic distribution of phenotypic and genetic variation: particular phenotypes and genotypes not shared between sister species can be shared by closely related but nonsister species. Especially with large ancestral population sizes, genetic variants are likely retained in lineages after population splits. In cases of rapid successions of speciation events, such ancestral variation can then be passed down over multiple successive species splits. Over the course of evolution, genetic drift or selection may fix different variants in sister species, while the same variants get fixed among nonsister species within the radiation. In birds, for instance, there is an extreme degree of gene tree discordance across the genome within Neoaves, leading to a star-like phylogeny in which part of the relationships among families are nonresolvable polytomies (Suh, 2016) . Even humans, who have relatively small population sizes, are more closely related to orangutan than to chimps in almost one per cent of gene trees (Hobolth, Dutheil, Hawks, Schierup, & Mailund, 2011) . The recruitment of incompletely sorted ancestral variation, be it by random genetic drift or selection, may therefore be a major contributor to genomic and phenotypic mosaics observed in extant populations and species; mosaics of differentially sorted ancestral variation (Pollard, Iyer, Moses, & Eisen, 2006) .
In contrast, mosaics evolving through introgression upon hybridization consist of genotypes and phenotypes originating in different lineages and highlight the potential of hybridization as a fast track to adaptation (Rheindt & Edwards, 2011; Seehausen, 2004) . The amount of introgressed heterospecific variation may vary drastically among species and populations. Heterospecific genetic variation may be mostly incompatible and selected against (Juric, Aeschbacher, & Coop, 2016) , and introgression usually be limited to neutrally evolving parts of the genome or to specific functional regions (Delmore Kira, Toews, Germain, Owens, & Irwin, 2016; Mason & Taylor, 2015;  The Heliconius Genome Consortium, 2012; Toews et al., 2016) . Still, functional genetic variants that evolved in related lineages may indeed provide a quick road to novel adapted phenotypes and thus be favoured by selection (Hedrick, 2013; Racimo et al., 2015; SuarezGonzalez, Lexer, & Cronk, 2018) . Evidence for the abundance of such adaptive introgression is steadily increasing, including striking examples such as wing-pattern mimicry in Heliconius butterflies, black coat colour of Yellowstone wolves and Neanderthal-derived adaptations in humans (Anderson et al., 2009; Enard & Petrov, 2017; Huerta-Sanchez et al., 2014; Pardo-Diaz et al., 2012; Racimo et al., 2015; The Heliconius Genome Consortium, 2012) . Such adaptive introgression may be restricted to single genome regions and single components of phenotypes. However, plumage phenotypes in Munia finches and wing-colour patterns in Heliconius butterflies, for instance, suggest that repeated, multidirectional introgression of entire toolkits of genomic regions may constitute an important pathway towards the rapid evolution of mosaic phenotypes (Stryjewski & Sorenson, 2017; Van Belleghem et al., 2017) . Regardless of the proportion of the genome involved, introgression upon hybridization is increasingly proving to be an important contributor to evolutionary novelty (Abbott et al., 2013; Rheindt & Edwards, 2011) and may fuel entire adaptive radiations, such as the one of east African cichlid fish (Meier et al., 2017) .
Whether phenotypic diversity is predominantly sourced in novel or standing genetic variation is a long-standing question (Barrett & Schluter, 2008) . Genomewide studies increasingly suggest that standing genetic variants are important contributors, but the extent to which they originate in ancestral or related extant species remains less clear. Genomic investigations of systems displaying phenotypic mosaicism, therefore, promise contributing to insights in this respect.
Wheatears, songbirds of the genus Oenanthe, represent a striking, yet largely unstudied example of a system in which plumage colour phenotypes, mitochondrial divergence and current species definitions are discordant. The genus displays a splendid diversity of conspicuous male plumage patterns, most of which represent mosaics composed of plumage characteristics found in other congeners. Similarities among plumage phenotypes are in many cases discordant with the species' phylogenetic relationships as inferred from mitochondrial and nuclear sequence markers Schweizer & Shirihai, 2013) . Even though the function of plumage phenotypes in the studied species is poorly understood, these discordances indicate abundant parallel plumage evolution in wheatears . A particularly interesting group of wheatears that displays the same phenotypic mosaic at smaller phylogenetic scale is composed of four taxa (Figure 1 ) with yet unclear phylogenetic relationships. Based mainly on their distinct colour phenotypes, these taxa are currently assigned to three species (Gill & Donsker, 2018) , although species rank was proposed for all by some authors (Sangster, Hazevoet, Van den Berg, Roselaar, & Sluys, 1999) Kakhki et al., 2018; Kaboli, Aliabadian, Guillaumet, Roselaar, & Prodon, 2007) , but males differ in patters of black-and-whitish (or pale) coloration. Cyprus and pied wheatear, formerly treated as conspecific, display black mantle and neck sides, while these are white in both subspecies of black-eared wheatear (Figure 1) . Moreover, while pied and black-eared wheatears are sexually dimorphic and share a black-or-white throat-colour polymorphism, Cyprus wheatear exhibits a divergent insect-like song, is sexually less dimorphic, lacks the throat-colour polymorphism and differs in more than 14 external morphometric characters from pied wheatear (Förschler, Randler, Dierschke, & Bairlein, 2010; Randler et al., 2012; Sluys & van den Berg, 1982) . Intriguingly, mitochondrial DNA (mtDNA) variation mirrors none of these phenotypic divergence patterns. Only western black-eared wheatear exhibits distinct mtDNA lineages that diverged from the other taxa's lineages about 1.7 million years ago (Alaei Kakhki, Aliabadian, & Schweizer, 2016) . It remains unclear whether the sharing of mtDNA lineages among the remaining three taxa reflects their recent common origin to the exclusion of western black-eared wheatear, or whether black-eared wheatears indeed are sister taxa and the sharing of mtDNA lineages is a result of introgression among all taxa but western black-eared wheatear.
Hybridization is indeed common between pied and eastern black-eared wheatears. These two taxa hybridize extensively across the Alborz mountain chain in northern Iran, in the Caucasus region, and along the western shores of the Black Sea in the border region (Haffer, 1977; Panov, 2005) . The high frequency of hybrids together with the clinally decreasing frequency of the black-throated phenotype towards the west in blackeared wheatear and the rarity of the white-throated phenotype in pied wheatear has led to the hypothesis that the throat-colour polymorphism in these species is a result of asymmetric reciprocal introgression (Haffer, 1977) . Less is known about hybridization among other taxa, in particular between the two black-eared wheatear taxa. Although they differ strongly in mtDNA and display slight qualitative differences in plumage, they are currently mostly treated as conspecifics (Alaei Kakhki et al., 2016; Collar, 2018; Gill & Donsker, 2018; Shirihai & Svensson, 2018) . The borders of the ranges of the two taxa are not entirely clear, and extent of their potential intergradation has found little to no attention. It is therefore currently unknown whether the two taxa interbreed. Genomic data are required to obtain insights into the potential role of extant or past introgression among the taxa studied here. (2016) potentially explaining the evolution of the black-and-white throatcolour polymorphism in black-eared and pied wheatears. To address these questions, we assembled a draft genome of eastern blackeared wheatear and interrogated genomewide variation at about 20,000 SNPs obtained through RAD sequencing. Based on these resources, we reconstructed the species tree, inferred footprints of introgression and characterized the structure of the Iranian hybrid zone between eastern black-eared and pied wheatear. Our results support a scenario of parallel colour evolution. Without identifying the genomic regions underpinning colour phenotypes, however, we cannot conclusively distinguish between the three modes of parallel evolution (s.l.). Nonetheless, our analyses suggest a possible role for introgression in parallel colour evolution. Finally, hybridization fuels the entire admixture spectrum between eastern black-eared and pied wheatear. Despite a strong geographic admixture structure, hybridization appears to have resulted in asymmetric introgression from pied into eastern black-eared wheatears, thus possibly accounting for the evolution of the throat-colour phenotype.
| MATERIAL S AND ME THODS

| Sampling and DNA extraction
Tissue samples were obtained from a total of 42 wheatears from four taxa: three Cyprus wheatears; four western black-eared wheatears from North Africa; seven eastern black-eared wheatears sampled during migration in Israel; five pied wheatears, of which one sampled in migration in Israel and four on wintering grounds in Kenya; and 23 individuals from the hybrid zone (Haffer, 1977) in Iran (Figure 2 and Supporting Information Table S1 ). Provided that the nonoverlapping proportions of the ranges of eastern black-eared and pied wheatear are considerably larger than the hybrid zones, we assume that birds sampled on wintering grounds and on migration stem from the former. This assumption is supported by PCA analysis of the present data for all but one eastern black-eared wheatear (see below and
Figure 1b), and from here on, we thus refer to these individuals as ones "sampled outside hybrid zones".
DNA was extracted using the DNeasy Blood and Tissue Kit (Qiagen, Hombrechtikon, Switzerland) following the manufacturer's instructions.
| RAD-library preparation and sequencing
We prepared double-digest RAD-sequencing libraries using a modified version of the protocol by Parchman, Gompert, Modge, Schilkey, and Buerkle (2012) . In brief, we digested sample DNA with two different restriction enzymes, MseI and SbfI, and ligated adaptors containing unique 6-base nucleotide barcodes to the digested genomic fragments to tag each individual with a unique barcode. We then amplified the barcoded restriction-ligation products using PCR 
| Data preparation
Sequencing reads were demultiplexed using the process_radtags procedure of Stacks 1.46 (Catchen, Hohenlohe, Bassham, Amores, & Cresko, 2013) . Barcodes differed by at least three base pairs, and we recovered barcodes with a maximum of two mismatches. Average individual coverage as determined by Stacks ref_map was 12.2× (range 4.3-18.8; Supporting Information Table S1 ). We then mapped the reads to the pseudohaploid reference genome using bwa mem (Li & Durbin, 2009 ) with default settings. We sorted SAM files, converted them to bam files and indexed the latter using SAMtools 1.3.1 
| Species tree reconstruction
To establish the phylogenetic relationships among taxa, we estimated the species tree using the multispecies coalescent approach implemented in SNAPP 2.4.7 (Bryant, Bouckaert, Felsenstein, Rosenberg, & RoyChoudhury, 2012 We ran 10 6 generations with a burn-in of 10 5 using default parameters. To test for convergence, we ran 15 replicates of the analysis and assessed convergence in Tracer 1.6 (Rambaut & Drummond, 2007) .
Topologies converged in all replicates. However, five runs provided nonconverging ancestral population size parameter estimates and were discarded. Posterior distributions of topologies were plotted using DensiTree 2.2.6 (Bouckaert & Heled, 2014 ).
| Population genetic analysis
To get insights into the genetic structure within and between species, we first conducted a principle component analysis (PCA) on individual genotype likelihoods using ngsCovar in ngsTools (Fumagalli, Vieira, Linderoth, & Nielsen, 2014) and performed admixture analyses in NGSadmix (Skotte, Korneliussen, & Albrechtsen, 2013) . Both approaches, rather than using genotypes, make use of genotype likelihoods, thus taking into account data uncertainty.
Genotype likelihoods were obtained using angsd (Korneliussen et al., 2014 Finally, to investigate whether footprints of introgression are present other than the ones hypothesized based on extant hybridization, we performed ABBA-BABA tests on the remaining three combinations of taxa, using O. deserti as out-group (Table 1) .
Furthermore, we inferred admixture proportions, f hom (Durand et al., 2012; Green et al., 2010; Martin, Davey, & Jiggins, 2015) . For all ABBA-BABA tests, we established significance of the D-statistic using a block jackknifing procedure. As median scaffold length in the reference genome is 16.6 kb, we used a block size of 20 kb. Given that even in isolated island populations of songbirds linkage disequilibrium breaks down to background level at around 1 kb (Ellegren et al., 2012) , this block size should account for linkage effects. We alternatively retained or discarded blocks smaller than 20 kb, but only report results from the first, as results were congruent. All ABBA-BABA analyses were conducted in custom R scripts. 
TA B L E 1 D-statistics and admixture proportions
| RE SULTS
| Discordance of phylogenetic relationships with phenotypic divergence
Our analyses highlight a strong partition of genomewide variation among all four taxa (Figure 1) , with individuals sampled outside hybrid zones being attributed to taxon-specific clusters by both PCA and admixture analysis (Figure 1b,c) . Multispecies coalescent analyses revealed an unambiguously resolved species tree (Bayesian posterior probabilities for all nodes: 1), with an unexpected topology that is discordant with similarities in colour patterns (Figure 1a ). In line with previously reported mitochondrial divergence patterns (Alaei Kakhki et al., 2016 Kakhki et al., , 2018 Aliabadian et al., 2012) , the deepest divergence is between western black-eared wheatear and the other three taxa. Within the latter, our analyses identified eastern blackeared wheatear and Cyprus wheatear as sister species, contrary to original taxonomy that treated Cyprus wheatear as a subspecies of pied wheatear based on these species' highly similar coloration (Figure 1a ).
| Genomic footprints of introgressive hybridization
We next investigated whether gene flow occurred during the his- (Table 1) . Western black-eared wheatear would have exchanged 1.7% of genetic variation with Cyprus wheatear since the latter's split with pied wheatear. However, in particular, the genetic exchange between western black-eared and Cyprus wheatears may seem doubtful given these species current biogeography.
Also, the remaining footprints of introgression among taxa not documented to hybridize may have to be interpreted with care. These may in part reflect population structure in ancestral populations that gave rise to imbalanced lineage sorting rather than episodes of introgression.
To obtain insights into the direction of gene flow, in particular among eastern black-eared and pied wheatear, we applied the analyses of species splits and mixture implemented in TreeMix. These 
| D ISCUSS I ON
Our results provide first genomic insights into the evolution of plumage colour polymorphisms and mosaic phenotypes in wheatears, drawing a picture of complex evolutionary dynamics likely involving the repeated recruitment of ancestral and heterospecific variation in plumage colour evolution. We uncovered rather unexpected phylogenetic relationships that are in complete discordance with plumage colour similarities and make a strong case for the parallel evolution (s.l.) of plumage coloration in the studied species. Genomic footprints of gene flow support a role of introgression in parallel plumage colour evolution. We discuss these results' implications for the understanding of the origins and evolution of plumage coloration in wheatears and provide taxonomic recommendations. We close by discussing the processes that may be involved in restricting the exchange of heterospecific variation across the Iranian hybrid zone.
| Parallel evolution of plumage colour phenotypes in wheatears is likely fuelled by introgression or ancestral polymorphisms
Cyprus and pied wheatears on one hand and western and eastern black-eared wheatears on the other hand display highly similar plumage coloration. These phenotypic similarities, our genomewide data reveal, are not explained by the respective taxa's sister relationships.
Cyprus wheatear, rather than being sister to pied, is closest related to eastern black-eared wheatear, which breeds on the mainland adjacent to Cyprus. This island endemic therefore likely constitutes a classic case of peripatric island speciation. It would thus appear that biogeography rather than phenotype best explains the species relationships among the studied wheatears. Likewise, it implies that the similar colorations of what so far was considered one species of black-eared wheatear, and of Cyprus and pied wheatear, respectively, evolved in parallel.
Genomewide footprints of introgression among the four studied wheatear species-albeit not excluding the possibilities for ILS or convergent novel mutations-suggest opportunities for the recruitment of heterospecific variation for parallel plumage colour evolution. Interestingly, though, the species pair that appears to share the highest proportion of derived genetic variants, pied and eastern black-eared wheatear, have maintained divergent neck side and back coloration. If introgression contributed to the parallel evolution of these two plumage phenotypes, which colour phenotype has a history of introgression? Judging from extant species ranges (Figure 2 ), opportunities for hybridization among black-eared wheatear taxa seem higher than among Cyprus and pied wheatears. However, a scenario of introgression from pied into Cyprus wheatear (or its common ancestor with eastern black-eared wheatear) cannot be completely dismissed. First, mitochondrial lineages are shared between all but western black-eared wheatears (Alaei Kakhki et al., 2018; Randler et al., 2012) . Second, proportions of introgression inferred from pied into eastern black-eared wheatear are twice the potential ones among western and eastern black-eared wheatears (Table 1) .
Together, this supports the plausibility of introgression of black coloration from pied into Cyprus wheatear, or rather into the Cyprus/ eastern black-eared wheatear ancestor. Both scenarios of parallel evolution via introgression thus seem plausible.
Throat-coloration may have followed a yet different evolutionary trajectory. The genomic patterns of introgression among pied and eastern black-eared wheatear inferred here (Table 1, Figure 3 ) at first would seem to fully support the possibility of the scenario of asymmetric reciprocal introgression predominantly from pied into eastern black-eared wheatear drawn from throat-colour phenotypes (Haffer, 1977) . However, the latter scenario implicitly assumes continuous gene flow among eastern and western black-eared wheatears, an assumption with an important caveat. Despite potential admixture of up to seven per cent between these taxa (Table 1) , gene flow cannot be assumed as continuous without reservation due to the taxa's nonsister relationship. An introgression scenario therefore needs to invoke two rather than one event of introgression, from pied into eastern black-eared wheatear and from the latter into its western congener. In the light of this, therefore, an ancestrally polymorphic origin with single loss of the white-throated phenotype in Cyprus wheatear would seem to offer a more parsimonious explanation for the evolution of the throat-colour polymorphism.
| Phenotypic and mitochondrial divergence differ from the species tree: Taxonomic implications
The present study illustrates how complex evolutionary histories can mislead phylogenetic reconstructions based on morphology or single loci alone and highlights the need to consider genomewide data for this purpose. To date, it remained unclear whether the unresolved mitochondrial relationships among eastern black-eared, pied
and Cyprus wheatears are a result of mitochondrial introgression or whether these species have a common origin to the exclusion of western black-eared wheatear. Our results suggest that likely both are the case, highlighting the complex dynamics of phenotype and genome evolution. First, the species tree (Figure 1a ) confirms the two black-eared wheatear taxa as independent evolutionary lineages without sister relationship. Second, it establishes pied, eastern black-eared and Cyprus wheatears as closely related taxa. However, the resolved species relationships indicate that the splitting of these lineages was unlikely a recent, star-like event. Genomewide, lineage sorting among these species appears to be more complete than at mitochondria, implying that their sharing of mitochondrial haplotypes is more likely an outcome of introgression. This scenario finds further support in the evidence for introgression among wheatears.
It would appear reasonable that mtDNA constitutes part of the over 14% of genomewide variation shared between eastern black-eared and pied wheatear, and introgressed into Cyprus wheatear from geographically close eastern black-eared wheatear populations or was maintained from an ancestor that already hybridized with pied wheatear. Despite introgression, species integrity seems to have persisted across most of the genome of the studied species, enabling the reconstruction of their phylogenetic history. 1998) that display very shallow intraspecific population structures even at continental scales (Burri et al., , 2016 Lehtonen et al., 2009) . It thus appears questionable whether outside hybrid zones eastern black-eared and pied wheatears would exhibit an as strong population structure as within, and whether philopatry alone could explain the documented hybrid zone structure. In the absence of information on dispersal behaviour, genomic data from allopatric areas of their breeding ranges and a denser sampling of the hybrid zone are now called for to comprehensively estimate the shapes of allele frequency clines across hybrid zones and across the hybrid continuum (Barton & Hewitt, 1985; Gompert & Buerkle, 2011) , and gain insights into the strength of selection against introgression across the wheatear hybrid zone.
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